To investigate the mechanisms responsible for urinary acidification in the terminal nephron, primary cultures of cells isolated from the renal papilla were grown as monolayers in a defined medium. Morphologically, cultured cells were epithelial in type, and similar to collecting duct principal cells. Cell pH measured fluorometrically in monolayers grown on glass slides showed recovery from acid loads in Na+-free media. Recovery was inhibited by cyanide, oligomycin A, and N-ethylmaleimide. Cyanide and oligomycin inhibited recovery less in the presence than in the absence of glucose. When cells were first acid loaded in a Na+-free medium and then exposed to external Na+, pH recovery also took place. This recovery exhibited first-order dependence on Na+ concentration and was inhibited by 5- (N-ethyl-N-isopropyl) amiloride. These studies demonstrate that in culture, collecting duct principal cells possess at least two mechanisms for acid extrusion: a proton ATPase and an Na+-H+ exchanger. The former may be responsible for some component of the urinary acidification observed in the papillary collecting duct in vivo; the role of the latter in acidbase transport remains uncertain.
Introduction
H+ secretion is attributed to a proton ATPase in mammalian distal nephron (1) (2) (3) . This transport mechanism is thought to reside in a specific cell type, the intercalated cell (4) , which is similar to the mitochondria-rich cell of the turtle bladder (5, 6) . Although a membrane-bound ATPase has also been purified from whole bovine medulla (7) , the cellular localization of this transport mechanism is uncertain. Intercalated cells have not been identified in the papillary collecting duct in rat, rabbit, or humans (4) , yet acidification of the tubular fluid seems to occur within the papilla (8) (9) (10) (11) (12) .
The purpose ofthe current experiments was to examine the modes of H+ secretion in cells isolated from rat renal papilla and grown in primary culture. The results of these studies demonstrate the presence of two H+ transport systems, one After each change of solution in the cuvette, the pH-independent fluorescence at 450 nm excitation was adjusted to a value of 20 to compensate for loss of dye from cells or loss ofcells from the coverslip.
Tracings were not accepted if this value changed by > 5% during recording of a pH transient. The tracings shown depict the results of representative experiments. Each maneuver was performed three times or more in at least two different cell culture groups (Tables I and II) .
Quantification of the rate of Na'-dependent pH recovery was assessed by determining the slope of the initial pH change after addition of Na+. The S/V versus S relationship, where S = [Na+] in millimolars and V = rate of pH recovery in units per minute; was calculated and apparent Km and Vm... value was derived to produce the result for an individual monolayer.
BCECF-AM was obtained from Molecular Probes, Inc., Eugene, OR. Oligomycin, N-ethylmaleimide, and nigericin were obtained from Sigma Chemical Co., St. Louis, MO. The 5-(N-ethyl-N-isopropyl)amiloride was synthesized by a previously described procedure ( 14) . Before use BCECF-AM and 5-(N-ethyl-N-isopropyl)amiloride were dissolved in dimethyl sulfoxide, oligomycin and nigericin were dissolved in ethanol, and N-ethylmaleimide was dissolved in water. Stock solution additions were always < 1% of the volume of the solutions in the cuvette, and vehicles alone at this volume were without effects on cell pH.
For electron microscopy, cell monolayers were grown on plastic coverslips and fixed in Karnovsky's solution. For transmission electron microscopy, they were postfixed in 1% osmium tetroxide and then embedded in Spur's low viscosity resin. Thin sections were stained with lead citrate and uranyl acetate and then examined with an EMU-4B electron microscope (RCA Corp., Lancaster, PA) operated at 50 kV. For scanning electron microscopy, fixed specimens underwent critical point drying with CO2. They were then mounted on carbon planchets and carbon coated in a vacuum chamber (Denton Vacuum Inc., Cherry Hill, NJ). The monolayers were then examined with a scanning electron microscope (model 1200; Advanced Metals Research Corp., Bedford, MA).
Succinic dehydrogenase staining was performed on formalin-fixed monolayers grown on glass slides by the method of Pearse (15) .
Results
Morphology ofpapillary cells in culture. Fig. 1 Na'-independent pH regulation. The monolayers were loaded with acid by two protocols: (i) exposure to and removal from NH4Cl, and (ii) exposure to propionate. The initial BCECF cell fluorescence in both protocols was determined in an extracellular medium containing 135 mM NaCl, buffered with 15 mM Hepes-Tris at pH 7.3. The left tracing of Fig. 5 A shows the change in cell pH that occurred when the original buffer was replaced with one containing 115 mM choline Cl and 20 mM NH4C1. Cell pH rose abruptly, presumably due to the rapid entry of NH3. When the NHW-containing buffer was changed to one containing choline alone, cell pH then decreased to a value below baseline because of the rapid loss of NH3 and retention of the relatively impermeant NH'. After this maneuver, cell pH increased towards baseline. The leftmost tracing of Fig. 5 B shows the result of replacing the initial Na'-containing buffer with one containing 1 5 mM choline Cl and 20 mM propionate. Cell pH fell abruptly, presumably due to the entry ofthe relatively permeant propionic acid, and then recovered towards baseline.
Effect ofmetabolic inhibitors on Na'-independent pH regulation. The right tracings of Fig. 5 show the effect of CN-on Na'-independent pH regulation. Incubation in a Na+-containing, glucose-free buffer with 2 mM KCN for 20 min prevented the recovery of cell pH from the imposed acid loads. This is consistent with a requirement for metabolic energy of cell pH regulation (17) . Since medullary and papillary tissue appear to have a high capacity for glycolysis (18) , we examined whether pH recovery in the absence of Na+ could be sustained by glucose alone. Fig. 6 shows studies utilizing the same protocols as in Fig. 5 . As can be seen, considerable capacity for pH recovery was retained by the cells after incubation with KCN in the presence of 5.5 mM glucose.
The results of these experiments are summarized in the topmost sections of Table I (NH'? loading) and Table II (propionate loading). Cyanide significantly inhibited pH recovery in both glucose-containing and glucose-free buffers. However, despite similar falls in pH after acid loading (ApH) and starting pH values (pH nadir), the slopes of pH recovery were significantly greater after KCN exposure in glucose-containing solutions compared with KCN exposure in glucose-free solutions.
Oligomycin, an inhibitor ofthe mitochondrial H+-ATPase, prevents oxidative ATP generation (19) . In the next series of experiments, the effect of this inhibitor on the Na'-independent recovery of cell pH after acid loads was assessed. The left tracings of Fig. 7 indicate the control responses of the individual monolayers to the two acid-loading protocols. The right tracings show the results of the same acid-loading protocols after incubation ofthe monolayers in a glucose-free buffer with 5 ,ug/ml oligomycin. This treatment also abolished cell pH recovery.
In a manner similar to the cyanide experiments, monolayers exposed to oligomycin in a glucose-containing buffer 1662 Kleinman et al. A., maintained a greater rate of pH recovery after acid loading than monolayers exposed to the inhibitor in glucose-free buffer. These results are summarized in the middles sections of Table I (NH'? loading) and Table II (propionate loading). In glucose-containing solutions, oligomycin did not significantly inhibit pH recovery after NH'? loading, but did significantly inhibit pH recovery after propionate. In the absence of glucose, however, the pH recovery rates after oligomycin exposure were significantly less than in glucose-containing buffer. These results confirm the requirement for metabolic energy of pH recovery under these experimental conditions.
Effect of a plasma membrane He-A TPase inhibitor on Na'-independent pH regulation. N-ethylmaleimide inhibits proton transport and H+-ATPase activity in a number of epithelia (7, 17, 20) . The effect of this agent on cell pH regulation was examined in the next series of studies. The left tracings of Fig. 8 indicate the control responses of the individual monolayers to the two acid-loading protocols. The right tracings show the results of the same protocols after incubation of the monolayers in a buffer containing 10 ,gM N-ethylmaleimide for 20 min. As shown, this agent also abolished Na'-independent pH recovery from acid loads.
The results of the experiments with N-ethylmaleimide are summarized in the lowest sections of Table I (NHW loading) and Ag/ml nigericin, allowing cell pH to stabilize, and adding 10 mg/ml albumin to terminate the effect of the nigericin. Then small volumes ofa 22.5% NaCl solution were added to achieve various Na+ concentrations ranging from 3 to 60 mM. Only a very slow pH recovery (below 0.01 pH U/min) was observed without added Na+ using this protocol; this was neglected in calculating rates of Na+-dependent pH recovery. Addition of equivalent moles of a choline Cl solution also did not affect cell pH recovery. Initial rates of recovery in response to NaCl were used to generate a Hanes-Woolf relationship. The composite graph is shown in Fig. 9 . Table III Dixon plot, as shown in Fig. 10 The question of whether metabolic processes causing the shift of acid or base equivalents to or from compartments within the cell not, accessible to BCECF could be responsible for the observed alterations in cell pH has not been examined in the current studies. Other investigators using maneuvers similar to those used in these studies to alter cell pH have demonstrated appropriate changes in proton extrusion as measured by titration of extracellular medium or extracellular pH changes (17, 24) .
The cultured cells used in these studies are derived from the white papilla. The original cell suspension, therefore, should contain inner medullary collecting duct segments designated IMCD2 and IMCD3 (4) as well as loop of Henle thin limb cells, interstitial cells, and uroepithelial cells that line the renal pelvis. The efficacy of hypotonic lysis for removing these contaminants has not been verified. However, the cells as grown do not demonstrate morphology consistent with origin from the latter cell types. The preponderance ofthe cells are, in fact, epithelial in type. This is apparent from the intercellular junctions observed in transmission electron micrographs (25) .
It is clear, however, that these structures do not restrict access of peptide hormones to the apical membrane (13) . Thus it is unlikely that the effects of maneuvers used in the current stud- Figure 5 . Effect of CN-and glucose removal on Na'-independent pH recovery. BCECF-loaded monolayers were initially exposed to an extracellular medium containing 135 mM NaCl and 10 (26) . From these considerations it appears likely that the pH regulatory systems observed in the current studies are a property of the rat papillary collecting duct principal cell in primary culture.
The proton translocating ATPase has been identified in turtle bladders, a turtle bladder epithelial cell line, and in rat and bovine renal medulla (7, 20, 27, 28 Figure 6 . Effect of CN-on Na+-independent pH recovery in the presence of glucose. The experiments were performed in a identical manner to those shown in Fig. 4 , except that all solutions contained 5.5 mM glucose.
described in the present studies have characteristics suggesting that it may be a result of the action of an H+-ATPase. Interference with the supply of metabolic energy for transport by two different inhibitors of oxidative metabolism abolishes Na+-independent pH regulation. Provision of glucose in the presence of the oxidative metabolism inhibitors CN-and oligomycin preserved Na+-independent pH regulation to some degree. This is consistent with maintenance of the supply of ATP through the glycolytic capacity of cells in the renal papilla (18) . Finally, the effect of exposure of the cells to N-ethylmaleimide in the presence ofglucose provides further support for the idea that this form of pH regulation is due to the H+-ATPase. This inhibitor has been shown to be specific for H+-ATPases derived from bovine renal medulla (including papilla?), endocytotic vesicles, Golgi complex, and microsomes of various morphologies (7, (28) (29) (30) (31) (32) . These experiments, then, support the notion that rat papillary duct principal cells possess an H+-ATPase.
Distal nephron acidification has not generally been thought to depend on Na+. In turtle urinary bladder, a distal nephron model, electrogenic proton secretion is not critically dependent on Na+ transport (33) . Na+ absorption may provide a favorable electrical profile for the H+ pump across the luminal membrane (34, 35) Figure 7 . Effect of oligomycin on Na'-independent pH recovery. The experiments were performed identically to those preceding except that Na'-independent pH recovery was evaluated before and after incubation for 20 min with 5 jig/ml oligomycin in glucose-free buffer.
freshly isolated from rabbit kidneys also failed to demonstrate Na' dependence of pH regulation in studies performed utilizing techniques similar to those used in the current experiments (17) . In contrast, La Belle has identified an amiloride-sensitive Na'-H' exchanger in vesicles from rabbit medullary tissue (presumably including papilla) (37 Figure 10 . Dixon Plot of the effect of 5(N-ethyl-N-isopropyl)amiloride on Na'-dependent pH recovery. The cells were acid loaded as in Fig. 8 . 5(N-ethyl-N-isopropyl)amiloride was added followed by NaCl to produce an external Na' concentration of 50 mM. Each point is the mean±SEM of initial rates of pH change of four to six individual monolayers.
lines (40) (41) (42) (43) (44) (45) (46) (47) (48) . Due to differences in technique, Vma values for pH are not amenable to direct comparison; Km values for Na', however, are expressed in similar units, and appear to be between two and eight times higher in the primary papillary cultures than in other preparations. This value of -46 mM is more than threefold higher than Km values obtained in primary cultures ofbaby mouse proximal tubule cells by identical techniques (unpublished observations). As indicated above, these studies cannot distinguish between apical and basolateral processes. It seems reasonable to consider that a papillary collecting duct H+-ATPase would be apically situated, as in other acid-secreting renal segments or uroepithelial tissue, in juxtaposition to the compartment being acidified (8) (9) (10) (11) 33) . It is quite possible, however, that the Na'-H' exchanger is present in the basolateral cell membrane where it serves to regulate cell pH, as has been described in rabbit cortical collecting duct (49) .
In summary, evidence for two modes of pH regulation in papillary tubule cells in primary culture have been presented.
These systems are consistent with the presence of both an H+-ATPase and an Na'-H' exchanger. The existence of these systems may provide the cellular mechanisms in principal cells for internal pH regulation as well as the urinary acidification observed in the renal papilla.
